Introduction
Amyloid structures are formed by polypeptides that polymerize into fibrillar assemblies with a cross-b quaternary structure; that is, the fibrils contain extended b-sheets parallel to the fiber axis, with the H-bonded b-strands perpendicular to the axis (Eanes and Glenner, 1968; Kirschner et al., 1987; Jahn et al., 2010) . Deposition of amyloid fibers is often associated with neurodegenerative diseases, such as Alzheimer's, Parkinson's, type-2 diabetes, cystic fibrosis and many others (Stefani, 2004; Chiti and Dobson, 2006; Eisenberg et al., 2006) . However, many organisms use the cross-b self-organizing principle to create a strong, yet pliable material, which in many instances has a function in adhesion or as protective coating. These functional amyloids are found in mammals, invertebrates, fungi and, not least, bacteria, in which the occurrence of amyloids may be the rule rather than the exception (Fowler et al., 2007; Otzen and Nielsen, 2008; Maury, 2009) .
Functional amyloids involved in adhesion are for example curli, extracellular filamentous structures found on the cell surface of Escherichia coli and other Enterobacteriaceae (Epstein and Chapman, 2008; Shewmaker et al., 2009) , and MTP, pili formed by the grampositive bacterium Mycobacterium tuberculosis (Alteri et al., 2007) . Protective layers based on amyloids are found in many different organisms. The egg envelope of the annual killifish Austrofundulus limnaeus is composed of amyloid fibrils with a diameter of 4-6 nm, strongly reducing water loss under desiccating conditions (Podrabsky et al., 2001) . Aerial hyphae of filamentous fungi are coated with an amphipathic layer of hydrophobin rodlets, which has an amyloidal nature and renders the surface strongly hydrophobic. It allows fungi to escape from an aqueous environment and mediates attachment to solid substrates (Wösten et al., 1994a,b) .
A similar layer is found on aerial hyphae of the streptomycete Streptomyces coelicolor. This Gram-positive filamentous bacterium forms a network of interconnected hyphae within the soil, analogous to the mycelium formed by filamentous fungi. After a period of vegetative growth, aerial hyphae are formed that give rise to small reproductive compartments called spores. Three types of secreted proteins are important in aerial hyphae formation: SapB (Willey et al., 1991 (Willey et al., , 1993 , chaplins (Claessen et al., 2003; Elliot et al., 2003) and rodlins (Claessen et al., 2002 (Claessen et al., , 2004 . SapB is secreted as a 21-amino acid amphiphilic peptide (Kodani et al., 2004) . Its main function is to enable hyphae to overcome the water surface tension of the aqueous environment facilitating the escape of hyphae into the air. Unlike vegetative hyphae, the outer surface of aerial structures is hydrophobic and decorated with a proteinaceous layer, known as the rodlet layer. This layer consists of a mosaic of parallel rods, which are up to 450 nm in length and 18-20 nm wide, and are usually paired, with each track supposedly containing two smaller fibrils (Claessen et al., 2004) . Atomic force microscopy (AFM) analysis indicated that this layer is initially relatively disorganized, and that the most tightly organized rodlets are evident on the surface of mature spores (Del Sol et al., 2007) . Formation of the rodlet layer requires the activity of the rodlin and chaplin proteins. In a DrdlAB strain, lacking the genes encoding the rodlin proteins RdlA and RdlB, the organization of the rodlet layer was affected (Claessen et al., 2002) . Instead of rodlets, a layer of fine fibrils with a diameter of 4-6 nm was observed at the outer surface of aerial hyphae (Claessen et al., 2003) . These fibrils are composed of chaplins. S. coelicolorsecretes eight chaplin proteins (Elliot et al., 2003) ; five of these chaplins (ChpD-H) are $55 amino acids long, whereas ChpA-C are $225 amino acids in length. The fibrils contain one (ChpD-H) or two (ChpA-C) so-called chaplin domains (19). The short chaplins can be further subdivided on the basis of their abilities to form intramolecular disulfide bonds: ChpD, -F, -G, and -H contain two Cys residues, while ChpE has none (Elliot et al., 2003; Di Berardo et al., 2008) . Like in vivo, mixtures of purified TFA-extractable chaplins (ChpD-H) also assemble in vitro at a hydrophobic-hydrophilic interface into a film composed of small fibrils resembling those present at aerial structures of DrdlAB mutants. These data imply that rodlins are involved in organizing the chaplin fibrils into rodlets. The long chaplins (ChpA-C) are probably necessary to anchor this protein layer to the cell wall, as they contain a sequence that is specifically recognized by sortase enzymes, which covalently couple their substrates to the peptidoglycan layer (Claessen et al., 2003; Elliot et al., 2003; Flärdh and Buttner, 2009; Duong et al., 2012) .
Chaplins are also involved in attachment of Streptomyces hyphae to surfaces (de Jong et al., 2009) . Attachment coincides with the formation of a network of fimbriae, which were shown to be composed of assembled chaplins. Interestingly, hyphal attachment and fimbriae formation were largely prevented when the amyloid-inhibitor Congo red was added to the cultures. This suggests that chaplin amyloids mediate attachment. However, more direct biophysical methods such as X-ray and electron diffraction are required to prove a structure being amyloid.
Detailed diffraction work has been done on different amyloids showing that the b-strands in the b-sheet give a specific meridional diffraction peak at 1/0.47 nm À1 (Sunde et al., 1997; Makin and Serpell, 2005; Kwan et al., 2006) . Additionally, a 1/0.94 nm À1 reflection can be observed in the case of antiparallel b-strands in the cross-b structure (Serpell and Smith, 2000) . In some types of amyloid fibers the b-sheets are stacked or paired, giving an additional repeat of 1.0-1.2 nm perpendicular to the 0.47 nm repeat (Makin and Serpell, 2005; Serpell, 2000) . Being all based on the cross-b structure, different fiber morphologies have been reported. An example of an amyloid fiber is that formed by the SH3 domain of phosphatidylinositol-3 0 -kinase (Jiménez et al., 1999) . This amyloid fiber is helical and it consists of four protofilaments (thin fibrils). These filaments are built up from hydrogen bonding bstrands forming two b-stacked sheets. Other amyloids are based on b-barrels or b-solenoids in a head-to-tail arrangement (Kwan et al., 2006; Ritter et al., 2005; Wasmer et al., 2008) . For the type-I hydrophobin EAS a detailed model has been proposed for the 3 nm protofilaments, based on solution-NMR (Kwan et al., 2006 (Kwan et al., , 2008 .
Here we performed a structural study of chaplin assembly using several transmission electron microscopy (EM) techniques, including electron diffraction and cryo-electron tomography. Our work demonstrates that the chaplin proteins assemble at a water/air interface into an amphipathic protein membrane, which has an amyloidal nature and is highly asymmetric. We furthermore show that chaplins assemble in solution into distinct amyloid-like hydrophilic fibers. Chaplins therefore display the unique feature of being able to assemble into two morphologically distinct functional amyloids.
Materials and methods

Extraction of chaplins from Streptomyces coelicolor
Chaplins were extracted with trifluoroacetic acid (TFA) from SDS-treated cell walls of sporulating cultures of the S. coelicolor DrdlAB strain (Claessen et al., 2004) , as described (Claessen et al., 2002; Wösten et al., 1993) . TFA extracts were taken up in water (1 ml water per mg cell wall powder) and, if necessary, adjusted to pH 7 with diluted ammonia. Chaplin monomers obtained in this way were still functional, as described previously (Claessen et al., 2003; Elliot et al., 2003; Sawyer et al., 2011) .
Electron microscopy and specimen preparation
EM specimens of chaplins were prepared by air-drying freshly prepared chaplin solutions (20-200 lg ml À1 ) on Butvar-coated grids or by adsorbing chaplin fibers formed in solution to carbon coated grids. Alternatively, chaplins were allowed to assemble at the air-water interface of a droplet on copper EM grids covered with a holey carbon support film. After 15 min, the excess of solvent together with the chaplin films assembled at the bottom side of the holey carbon grid, were removed by blotting from underneath the EM grid. Contrast enhancement was done by negative staining with 2% uranyl acetate or by platinum shadowing in an Edwards 306a evaporation device under an angle of 30°, thereby taking care that identical amounts of metal were deposited on either side of the EM grid. Stained and shadowed samples were investigated using a Jeol JEM-1200EX electron microscope at an acceleration voltage of 100 kV or a CM120 Philips TEM microscope equipped with a Gatan UltraScan SP 4K cooled CCD camera. Images were recorded at 20,000-60,000Â magnification on Kodak SO-163 electron image film or CCD camera.
Cryo-TEM was used to investigate unstained monolayers and fibers formed in solution on holey carbon. For monolayers diluted chaplin solutions were assembled on an EM grid with a holey carbon support film and washed (from the back-side of the grid) with 50 mM ammonium acetate containing 2% trehalose. Preformed fibers were briefly adsorbed to the holey carbon film. After blotting the grids to remove the remaining solution, the specimens were plunge-frozen in liquid ethane using a Reichardt-Jung KF-80 or FEI Vitrobot freezing device. Grids were investigated in a CM120 Philips TEM microscope equipped with a Gatan UltraScan SP 4K cooled CCD camera or a Tecnai G2 Polara cryo-electron microscope (FEI) equipped with an Gatan imaging energy filter (GIF). Images were recorded at 120 or 300 kV acceleration voltage, at 34,000-47,000Â magnification and a defocus value around 2 lm. Selected area electron diffraction patterns were recorded at 120 kV or 300 kV and a camera length of 1.25-1.6 m. When diffraction and imaging was done on the same area, electron diffraction was done prior to imaging, because diffraction requires a lower electron dose than imaging, resulting in less radiation damage if the area is sufficiently large (P1 lm diameter). Asbestos crystals were used as an external standard to deduce the relative orientation between a diffraction pattern and the corresponding image.
For electron tomography, specimens were prepared on holey carbon grids, and either air-dried followed by platinum shadowing from two sides, or frozen-hydrated as for Cryo-EM. 10 nm gold particles were added as fiducial markers. Tilt series from À60°to +60°w ere recorded in a 300 kV G2 Polara electron microscope (FEI) equipped with a Gatan post-column energy filter. Images were recorded with a 2k Â 2k CCD camera (Gatan) at 4 lm defocus (first CTF zero at 2.8 nm) and 51,700Âmagnification, resulting in a pixel of 0.58 nm at the level of the specimen. Tilt series were recorded at 2°increments with a total dose of about 8000 electrons/nm 2 .
Tomograms were calculated using IMOD software (Kremer et al., 1996) . For atomic force microscopy (AFM) a diluted chaplin solution was applied to freshly cleaved (hydrophilic) mica. After 20 min, the solvent underneath the assembled film was carefully blotted away from the edges of the drop such that the film settled on the mica. After drying the samples for 20 min in air, the hydrophobic air-exposed side of the film was analyzed on a Digital Instruments EnviroScope AFM (Veeco Instruments Inc., Santa Barbara, CA, USA), equipped with a NanoscopeIIIa controller in tapping mode. The probe used was a VEECO SNL-10A probe with a nominal spring constant of 0.35 Nm À1 and a resonant frequency of 50-80 kHz, as specified by the manufacturer. Height images were processed using the Free Open Source software package Gwyddion (Necas and Klapetek, 2012) .
Results
Fibrils formed by the S. coelicolor chaplin proteins were studied by transmission electron microscopy. We focused our research on two biologically relevant situations. First, we characterized fibrils assembled at the air-water interface, simulating those formed at the hydrophobic-hydrophilic interface between the cell wall of aerial hyphae and the air. Secondly, we studied fibrillar structures formed in solution, which resemble the fimbrial structures observed between hyphae adhering to hydrophobic solid substrates (de Jong et al., 2009 ).
Assembly of chaplins into an amphipathic and asymmetric protein membrane
When a diluted chaplin solution is dried down onto a solid hydrophobic support, a mosaic of flexible fibrous structures of different lengths is formed, as visualized by shadowing with platinum (Pt) (Fig. S1 ). These fibrils resemble those present on the outer surface of spores of DrdlAB mutants of S. coelicolor, as shown previously (Claessen et al., 2003 and Fig. S2) . Although these images of air-dried chaplin solutions show the presence of fibrils, their precise origin remains unclear. They could have been formed on the hydrophobic support, in solution, or at the air-water interface. In vivo assembly of these proteins occurs predominantly at hydrophilic-hydrophobic interfaces, such as those between the (hydrophilic) cell wall and the (hydrophobic) air, or at the interface between the aqueous environment and the air. Therefore, chaplins were allowed to assemble at the air-water interface of a droplet of a chaplin-containing solution. Samples were mounted on an EM grid covered with a holey carbon support film (see experimental procedures for more details). Following assembly and blotting, the specimen was shadowed from either side (Fig. 1A) . Analysis of these samples by TEM showed that the fibrils formed an intact film with a strong asymmetric topology. The hydrophobic side of the film, facing the air, appeared very structured and was composed of thin fibers ranging in length from less than 100 to 1 lm (Fig. 1B and C) . In contrast, the hydrophilic side, facing the solvent, appeared unstructured ( Fig. 1D and E) . From the hydrophobic side the chaplin film extended from the hole (h) over the carbon support film (c), whereas from the hydrophilic side the chaplin film was only visible through the hole (h). This indicates that no rearrangement of the asymmetric film takes place during preparation and that the two surfaces can be studied separately. Indeed, when the assembled chaplin protein film was picked up from the surface of a droplet with a hydrophobic holey support film and shadowcasted from the backside (Fig. 1F) , the fibrous hydrophobic surface was only visible through the holes. The width of the fibrils observed at the hydrophobic side was 7-8 nm, similar to those observed after drying down an aqueous chaplin solution onto a Butvar support film (Fig. S1 ). In addition to the fibrils, larger aggregates were visible in the chaplin film preparations (arrows in Fig. 1B and D) . Most aggregates seemed to be attached to the hydrophilic side. They were also visible from the hydrophobic side, because of their effect on the flatness of the assembled chaplin film (Fig. 1C) .
We also negatively stained the hydrophilic side to reveal details that might have been lost during air-drying, preceding shadow casting with Pt. Therefore, chaplin films were assembled at the air-water interface on a holey carbon support film as before, and stained with uranyl acetate from the hydrophilic side. In the electron micrographs the fibrillar structure, seen so clearly after shadowing the opposite (hydrophobic) side, was only very weakly visible (Fig. 1G) . No periodic details in the direction of the fibers could be seen by Fourier transformation or by averaging segments of fibrils by single-particle analysis methods (data not shown).
To further substantiate the asymmetry observed in the Ptshadowed chaplin film, electron tomography was used, which also allowed us to reconstruct the 3D volume of the chaplin layer sandwiched between two Pt-layers. Analysis of the different slices of the reconstructed volume showed the typical fibrillar morphology associated with the hydrophobic side ( Fig. 2A) , with fibril widths of 7-8 nm. Approximately two slices below the fibrillar layer, before entering the Pt layer, a relatively smooth layer was observed (Fig. 2B ). This layer represents the hydrophilic side of the chaplin film as observed before. The observation that the distance between the hydrophobic and hydrophilic layer is two slices indicated that the dehydrated, shadowed chaplin layer is approximately 2 nm thick.
The 3-dimensional reconstruction of the Pt-shadowed chaplin fibril film gave an indication of the thickness in the dehydrated state. To reconstruct the 3D-volume of the native, hydrated chaplin film, cryo-electron tomography was used. The tomographic reconstruction of a chaplin film on vitreous ice revealed a similar morphology as Pt-shadowing: the hydrophobic side is structured with a mosaic of 7-8 nm-wide fibrils (Fig. 3A, arrows) while the hydrophilic side is relatively smooth with small protrusions ( Fig.3B arrow heads; Supplementary movie S1). Interestingly, the distance between the fibrillar layer on the hydrophobic side and the hydrophilic side was approximately six slices. This suggested that the thickness of the hydrated chaplin fiber film is approximately 7 nm. The thickness of the native hydrated chaplin film deviated significantly from the thickness as observed in the dried Pt-shadowed state. To verify that the hydration state of the chaplin film affects the height, tapping-mode AFM was applied to assembled chaplin films, settled and dried on mica. Also AFM images of chaplin films showed the typical mosaic of 8 nm-wide fibrils (Fig. 4) . Height measurements indicate that in a dried state the chaplin fibril height was only 1.5 ± 0.1 nm (Fig. 4) , consistent with the measurements of dried Pt-shadowed films.
Taken together, shadowing and negative staining show that the two sides of the chaplin film have a distinct ultrastructure, with the hydrophilic side being rather flat and unstructured and the hydrophobic side showing a mosaic of fibrils. In addition, cryoelectron tomographic reconstructions indicated that the native hydrated chaplin fibril film is 7 nm thick.
Chaplins assembled at the air-water interface are amyloid
Because negative staining with uranyl acetate did not give any detailed information about the hydrophilic side of chaplin films and tomography and shadowing with Pt only gave very low resolution information, we decided to use cryo-TEM to get more details about the chaplin film assembled at the air-water interface. Films formed in about 20 min were mounted on holey carbon-coated EM grids as for shadowing, blotted and flash-frozen in liquid ethane. The hydrophilic side of the resulting film was covered with a thin amorphous ice layer, thereby preventing formation of drying artifacts. A representative electron micrograph is presented in Fig. 5A . The inset in Fig. 5A shows a calculated diffraction pattern of the boxed area. A 7.3 ± 0.2 nm repeat was visible perpendicular to the fibril axes, corresponding to the diameter of one fiber. No smaller details in the direction of the fibril axis were observed in the images. To get higher-resolution information on how a fibril is constructed, we used electron diffraction. The diffraction pattern in Fig. 5B shows a sharp ring at 1/0.47 nm À1 , resulting from diffraction peaks from differently oriented fibrils. The distance of 0.47 nm strongly indicates that hydrogen-bonded b-strands forming bsheets are present in the plane of the film (Fig.5B) , consistent with other amyloid proteins (Sunde et al., 1997; Makin and Serpell, 2005) . To deduce the orientation of the 0.47 nm periodicity relative to the direction of the fibril we recorded both selected-area electron diffraction patterns and images of the same areas. Fig. 6A shows an area with partially aligned fibers, leading to a partially oriented diffraction pattern calculated from the image (Fig. 6B) . The arrow indicates the direction perpendicular to the predominant fibril orientation in Fig. 6A . The electron diffraction pattern of the same area, recorded before the image, showed a similar predominant orientation of the 0.47 nm spacing (arrow, Fig. 6C ), which is perpendicular to the 7.3 nm spacing and thus in the direction of the fibril axis. This is direct evidence for the presence of a cross-b structure in the chaplin fibril films, proving that chaplins assemble into amyloid fibrils at the air-water interface. In the electron diffraction patterns we never observed a meridional reflection at 0.94 nm, which indicated that the b-strands are most likely arranged in a parallel, rather than in an anti-parallel fashion.
Chaplins assemble into distinct amyloid-like fibrillar structures in solution
It was previously shown that monomeric chaplins assemble in aqueous solutions (de Jong et al., 2009 ). However, no detailed ultrastructural information is available for chaplins assembled in this manner. When a dilute chaplin solution ($5-20 lg protein/ml) was incubated for 7 days, long (several micrometers) fibrils with a constant diameter of 12 nm were formed (Fig. 7A) , as opposed to the 7.3 nm fibrils formed at the air-water interface. Occasionally these 12 nm-wide fibrils appear unwound (arrows in Fig. 7A and S3) and show thinner fibrils with a diameter of approximately 7 nm (arrowheads in Fig. 7A and S3) . Single particle image analysis was applied to find further details in these fibrillar structures by averaging small frames of fibrils. Occasionally a weak hint of a helical organization was observed in the calculated diffraction pattern from selected fibril segments. However, the observed helical parameters (layer line distance and intensities) were too variable between segments to deduce any generalized helical organization.
To see if the chaplin fibrils formed in solution are also amyloid, electron diffraction patterns of frozen hydrated samples were recorded, followed by electron imaging of the same area. The diffractogram in Fig. 7B shows the presence of a strong reflection at 1/0.47 nm À1 in the direction of the fibril axis, similar to that of Fig.4 . Atomic force microscopy of the air-exposed side of the chaplin film mounted on mica reveals fibrils with a diameter of 7-8 nm. These fibrils are ±1.6 nm high based on the height profile of a cross section averaged along the length of fibrils in the boxed area. fibrils assembled at the air-water interface. These data show that chaplins assemble in solution into distinct hydrophilic amyloid structures.
Discussion
We characterized chaplin fibril films formed at the air-water interface, which was proposed to occur in vivo, and which also mimics the situation when chaplins assemble on the interface between the (hydrophilic) cell wall and the air (Claessen et al., 2004) . Shadowing experiments from both sides of the chaplin film gave conclusive evidence that the fibril structures formed by the chaplin proteins are highly asymmetric. The hydrophobic side of the film, facing the air, is curved while the hydrophilic side is rather flat and unstructured (Fig. 1) . Using Cryo-EM, the fibril diameter was shown to be 7.3 nm and our cryo electron tomographic reconstruction showed that the native hydrated chaplin film is 7 nm thick. Based on our experimental data we postulate a model for the structural arrangement of chaplins in the fibril film. Electron diffraction experiments showed the presence of a spacing of 0.47 nm, while correlative diffraction/imaging experiments proved that this spacing is in the direction of the fiber axis, consistent with an amyloid cross-b structure. The b-strands lie perpendicular to the fibril axis, while hydrogen bond interaction between neighboring strands results in the formation of a continuous b-sheet in the direction of the fibril. Secondary structure predictions using PsiPred (Jones, 1999) showed that 17 core residues in the chaplins have the tendency to form b-strands that contribute to b-sheet formation in the fibril, while the termini are likely to form random coil segments (Fig. S4A) . A hydrophilicity profile (Hopp and Woods, 1981) shows that these random coil segments are hydrophilic, while the b-stranded core is hydrophobic. This amphipatic nature explains how chaplins self-assemble at the air-water interface, during which the hydrophilic termini orient towards the solvent while the b-stranded core is exposed to the air (Fig. 8A) . Furthermore, every chaplin molecule, except for ChpE, has two cysteines that are possibly engaged in a disulfide bridge (Elliot et al., 2003; Di Berardo et al., 2008 ). In our model this disulfide bridge connects the C-terminal segment and the central b-strand to maintain a compact and rigid structure (Fig. 8B) .Whether ChpE, which lacks Cys residues, has a special role in this respect remains to be established.
The curved hydrophobic side of the chaplin fiber would have a circumference of approximately 17 nm that cannot be spanned by the 17 core residues forming b-strands from a single chaplin molecule [approximately 5 nm in length given 0.33 nm per b-stranded residue (Mao et al., 2009)] . Therefore, we propose that two chaplin molecules, oriented in a head-to-head fashion, form the repeating A B unit of the fiber ( Fig. 8A and B) . Stacking of these repeating units in the direction of the fibril axis results in a large b-sheet via hydrogen bonding interactions (indicated in red in Fig. 8B ). Fibrils probably only contain parallel b-sheets, which is based on the electron diffraction data that show a strong peak at 1/0.47 nm À1 while a 1/ 0.96 nm À1 peak (for anti-parallel b-sheets, (Serpell and Smith, 2000; Makin and Serpell, 2005) is absent (Figs. 5B and 6C ).
Our model is very different from the high symmetry that is observed in many helical, cylindrical or twisted ribbon-like hydrophilic amyloids that are associated with diseases like Alzheimer, type II diabetes, Parkinson and Creutzfeld-Jacob (Chiti and Dobson, 2006) and in functional amyloids like curli (Wang et al., 2008) . Therefore, in this functional form chaplins more resemble the fungal hydrophobins (de Vocht et al., 2002; Szilvay et al., 2007) which are also amphipathic and capable of assembling at hydrophobic-hydrophilic interfaces (Wösten et al., 1994a,b; Wösten et al., 1993) . However, they are structurally non-related: the primary structure and predicted secondary structure elements show no resemblance, and the number and distribution of conserved disulfide bridges is different (Hakanpaa et al., 2004; Kwan et al., 2006) .
It should be noted that this in vitro system lacks ChpA, ChpB and ChpC. These long chaplins are thought to be covalently coupled to the peptidoglycan layer and therefore cannot be extracted with TFA. Because ChpA-C contain two chaplin domains (Claessen et al., 2003) , we propose that in vivo the repeating unit in the fibrils occasionally comprises one large chaplin instead of two small ones.
Thereby the large chaplins are able to anchor the fibril film to the bacterial surface whilst also contributing to the formation of the fibrillar layer itself. The long chaplins are not required for the assembly of rodlets though, as the chpABCDEH strain in vivo formed rodlets indistinguishable from those in the wild-type strain (Claessen et al., 2004) . Furthermore, it has been shown that synthetically synthesized small chaplins are capable of forming amyloid structures individually (Sawyer et al., 2011) without the need for any of the other chaplins. Why S. coelicolor shows this apparent redundancy for the chaplin proteins requires further investigation.
Two distinct functional amyloid structures
The 12 nm chaplin fibrils formed in solution strongly resemble the fimbrial structures found on the cell surface of adhering hyphae of S. coelicolor (de Jong et al., 2009 ) and amyloid fibers formed by various other proteins (Jiménez et al., 1999) . Moreover, the cross-b structure observed by electron diffraction provides direct evidence that the hydrophilic chaplin fibrils formed in solution are also amyloid in nature. It is remarkable that chaplins assemble into two different amyloid forms, both being functional in nature.
There is a vast amount of data on the influence of environmental factors, such as amongst others hydrophobicity, temperature and pH on amyloid fibril structure (Zhu et al., 2002; Keller et al., 2011) . However, in this work we present different structural states of the prokaryotic chaplin amyloids induced by its microenvironment that reflect two different biologically relevant situations. One, the amphipathic fibril film resembling the amphipathic amyloidal membrane formed by fungal hydrophobins, and the other fibrillar hydrophilic structures that mediate attachment of S. coelicolor to surfaces (de Jong et al., 2009) , mostly resembling bacterial adhesion structures. In these fimbriae the hydrophobic surface of the b-strands must be buried inside the fibrils. This can be envisaged by association of different (3-5) fibrils with the hydrophilic surface facing outward, as illustrated schematically in Fig. 8C . However, we cannot exclude that the 12 nm fibers originate from a drastic conformational change of the monomer. Adhesion of fimbriae to hydrophobic substrates would require partial unfolding or unwinding of the fibrils to expose a hydrophobic surface of the protein. Indeed, electron micrographs show that the fibril bundles occasionally appear unwound forming flattened structures or exposing single fibers ( Fig. 7A and S3 ). The threefold symmetrical fibril arrangement of the chaplins in the fibrillar aggregates is similar to the arrangement proposed for the prions (Govaerts et al., 2004) . Although in both the chaplin-and prion-model the bstrands assemble back-to-back, the 1-1.2 nm repeat associated with b-sheet stacking is absent (Wille et al., 2009 ). This suggests that the fibril organization is different from most filamentous amyloids (Jahn et al., 2010) .
